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Effects of acute metabolic acidosis on renal, gut, liver, and
muscle metabolism of glutamine and ammonia in the dog
ADRIAN FINE
Faculty of Medicine, Memorial University of Newfoundland, St. John's, Newfoundland, Canada
Effects of acute metabolic acidosis on renal, gut, liver, and muscle
metabolism of glutamine and ammonia in the dog. Previous studies have
shown a rise in arterial glutamine in acute acidosis in the dog. In these
experiments glutamine and ammonia metabolism was studied in anes-
thetized dogs during normal acid-base status and following acute
hydrochloric acidosis to determine the mechanism for the rise in arterial
glutamine in acidosis. Splanchnic, liver, renal, and hind-half extrac-
tion/production were measured by artenovenous (A-V) sampling and
simultaneous blood flow measurements using electromagnetic flow
probes. In the normal dog, muscle produced glutamine, and the
kidneys, gut, hepatosplanchnic bed, and liver extracted it. Whole blood
arterial glutamine rose in acidosis. Renal and muscle glutamine and
ammonia extraction/production were unchanged. Gut ammonia release
and hepatic ammonia uptake increased by similar amounts in acidosis,
but no change in gut glutamine uptake occurred. Hepatic and total
hepatosplanchnic glutamine uptake was markedly reduced thereby
contributing to the raised arterial glutamine. These results demonstrate
that acute metabolic acidosis in the dog influences marked changes in
glutamine extraction and ammonia metabolism across the hepatos-
planchnic bed without significant changes in kidney or muscle
metabolism.
Effets de I'acidose mêtabolique aiguë sur le métabolisme de Ia glutamine
et de l'ammoniac dans le rein, I'intestin, le foie et le muscle de chien. Des
travaux antérieurs ont montré une augmentation de Ia glutamine
artérielle au cours de l'acidose aiguë chez le chien. Dans ces expéri-
ences, le métabolisnie de Ia glutamine et de l'ammoniac a été étudié
chez des chiens anesthésiés en situation acido-basique normale puis
après une acidose aigue par HCI afin de determiner le mécanisme de
l'augmentation de la glutamine artdrielle dans l'acidose. L'extraction ou
Ia production par le territoire splanchnique, le foie, le rein et le membre
postérieur ont éte mesurées par des prélèvements artériels et veineux et
des mesures simultanées du debit sanguin au moyen du débitmètre
electromagndtique. Chez le chien normal, le muscle produit de Ia
glutamine alors que les reins, l'intestin, le territoire porte et le foie
l'extraient. La glutamine artérielle augmente au cours de l'acidose. La
production et l'extraction de glutamine par le rein et le muscle ne sont
pas modifiées. La liberation d'ammoniac par l'intestin et La captation
d'ammoniac par le foie augmentent au cours de l'acidose mais il n'est
pas observe de modification de Ia captation de glutamine par l'intestin.
La captation hepatique et par le territoire portal est trés diminuée, ce
qui contribue a l'augmentation de Ia glutamine artérielle. Ces résultats
démontrent que l'acidose metabolique aiguë chez le chien provoque des
modifications importantes de l'extraction de Ia glutamine et du métabo-
lisme de l'ammoniac dans le territoire hCpatosplanchnique sans modifi-
cation significative de le métabolisme par le rein ou le muscle.
Glutamine serves as the most important substrate for renal
6]. Of interest was the finding by myself and others [4, 5, 7] that
arterial glutamine levels rose with acute acidosis in the dog; a
similar finding has recently been reported in the rat [8]. The
mechanism for this rise is unclear and prompted my study.
Most major organs are involved in the metabolism of gluta-
mine, and glutamine levels in arterial blood greatly exceed that
of any other amino acid. Glutamine serves as a main carrier of
waste nitrogen from muscle [9]. It is also the major substrate for
energy production by the gut [10] and is both synthesized and
metabolized by the liver [11]. The net contribution made by
each of these organs in vivo in the dog to the circulating
glutamine pool has not been described previously due to a lack
of appropriate blood flow measurements. Current evidence for
hepatic handling of glutamine is conflicting: In a more recent
review article [12] the liver was described as not removing
glutamine from the circulation whereas other evidence exists
for its removal by the liver [13—15]. These conflicting data are
partially due to inappropriate measurements of the delivered
load of glutamine to the liver by both the portal vein and hepatic
artery which provide approximately 70% and 30%, respective-
ly, of the blood flow to the dog liver [16]. I used electromagnetic
flow (EMF) probes to measure both of these blood flows
simultaneously to quantify gut, hepatic, and hepatosplanchnic
glutamine handling in the normal acid-base status and to
observe any alteration in acidosis. I also measured renal and
hind-half blood flow with EMF probes to measure the extrac-
tion/production of glutamine by these organs. Because I studied
each animal in both normal acid-base conditions and following
acute hydrochloric acidosis, I was able to clarify the mechanism
for the marked elevation of arterial glutamine concentrations in
experimental acute acidosis.
Methods
Surgical procedures. Mongrel dogs of either sex, fasted
overnight and weighing between 17 and 30 kg, were anesthe-
tized with pentobarbital 30 mg/kg and infused with 0.04
mg/kg/mm throughout the experiment. The animals were venti-
lated with room air using a Harvard pump to maintain a control
pH of 7.40 0.02. This value has been described as normal in
ammonia production in chronic acidosis [1, 2]. In acute acidosis
in the rat, renal glutamine extraction is increased [3]. In the dog
acute acidosis was described as having a similar effect [4], but
subsequent reports have shown that acute acidosis in the dog
does not alter renal ammoniagenesis or glutamine extraction [5,
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both non-anesthetized and anesthetized dogs [4, 5, 171. The
animals were primed with 300 ml of 0.154 M sodium chloride at
the beginning of surgery and then infused at 2 mI/mm. A
sampling catheter was placed in a femoral artery.
One of the following preparations was made in each dog after
a laparotomy incision: (1) Gut and liver preparations. The
portal vein was dissected and cleared of adventitia; an EMF
probe was placed between the gastrosplenic and gastroduode-
nal veins. The gastroduodenal vein was cannulated 3 cm from
its junction with the portal vein, and the cannula was then
moved to the porta hepatis for sampling. A segment of the
common hepatic artery was mobilized and cleared of surround-
ing tissues, preserving as much of the continuity of the sympa-
thetic plexus as possible. An EMF probe was placed around
this vessel proximal to branching into the true hepatic and right
gastric and gastroduodenal arteries. Without ligation of these
vessels, measurement of flow through the common hepatic
artery would be in excess of that going to the liver. Ligation of
these vessels did not alter portal vein flow, presumably because
of the large anastomotic circulation in the stomach of the dog.
The measurement of hepatic blood flow by this method has
been shown to give values virtually identical to those deter-
mined by '33Xenon washout [18]. The left common hepatic vein
was cannulated via the external jugular vein; its position was
checked by palpation. The final position for sampling was 1.5
cm proximal to wedging.
(2) Hind-half preparation. The lower aorta, just proximal to
its bifurcation, was cleared of surrounding tissue, and an EMF
probe was placed between the caudal mesenteric artery and the
bifurcation of the aorta. The blood flow measurements obtained
by this method are five times greater than those obtained from
femoral arterial blood flows [19] demonstrating the large collat-
eral arterial circulation around the gluteal and upper hind-leg
region of the dog. More representative values for the muscle
contribution to the circulating glutamine pooi, therefore, can be
obtained using this method of blood flow determination. My
method of hind-half muscle blood flow measurements calculat-
ed the total blood flow to both hind-leg and gluteal muscle
regions. This area is predominantly muscle but also includes
blood flow to the bladder and genitourinary organs. These
proportionately small vessels (when compared to iliacs) were
ligated where possible. A catheter was inserted into the femoral
vein to allow sampling without occluding the vein.
(3) Renal preparation. EMF probes were placed on both
renal arteries. Both ureters were cannulated, and a catheter was
passed with direct vision from the right femoral vein into the
right renal vein.
Statham 7518 handle-cuff probes were used with a separate
Statham 2202 flowmeter for each probe. These flowmeters
allow nonocclusive zeroing which obviates the need for blood
collection for calibration. Each flowmeter was recalibrated
periodically ex vivo. Changing a probe from one flowmeter to
the other gave less than 5% variation. Recordings were made on
a Statham 2200 recorder. The flowmeter and recorder were
zeroed prior to each reading. Blood flow measurements were
made immediately prior to each sampling.
Surgical procedures were completed within 2 hours.
Five or six simultaneous arterial-venous (A-V) samples were
collected in the control period every 5 to 10 mm. For the renal
experiments blood was taken during the midpoint of a 10-mm
urine collection. Sampling was begun at least 30 mm after the
completion of surgery. Acute metabolic acidosis was induced
by the intravenous infusion of between 3.5 to 5 mEq/kg of 0.15
N hydrochloric acid over approximately 2 hours at a rate of 5.0
mi/mm. This rate was chosen because higher rates of acid
infusion produce hemolysis. The infusion was stopped when
arterial pH dropped and was maintained at 7.20 0.02.
Equilibration was allowed for 60 mm, and then 5 or 6 simulta-
neous arterial-venous samples were taken as described previ-
ously. Venous samples were withdrawn slowly at a rate of 0.3
mllsec to avoid any possible aspiration of vena caval blood. The
core temperature of the dogs was kept within 1 degree of normal
by a water heater when necessary. Catheter positions were
checked at the end of each experiment.
Assays. Blood gases were determined on a Corning pH,
blood gas machine 165. All glutamine and ammonia assays were
performed in duplicate. Blood and urine ammonia were deter-
mined colorimetrically [20, 211. Whole blood samples of 1 ml
were deproteinized with 1 ml of 6% perchloric acid. Glutamine
was determined by glutamate dehydrogenase after glutamine
hydrolysis [221. Blanks (without glutaminase) were performed
on each sample to allow endogenous glutamate to be measured
and subtracted from each glutamine assay. From these values
the content or amount per I ml of whole blood was calculated,
assuming that whole blood is 80% water [231. The content
values can be multiplied directly by blood flow to give the
amount of substrate extracted or produced by an organ. Values
given in the accompanying tables are in p.m/mi whole blood
(mM).
Liver blood flow (HBF) is the sum of portal vein flow (PVF)
and hepatic arterial flow (HAF). Extractions have been calcu-
lated from the following formulae: Hepatic extraction = (PVF
x PV + HAF x A) — HBF x HV; hepatosplanchnic extraction
= (A — HV) x HBF; gut extraction = (A — PV) x PVF where
HV, A and PV = content in hepatic vein, artery, and portal vein
respectively. Total renal ammoniagenesis was calculated as
previously described [5].
The results given are the mean SEM of the individual mean
values from each dog in that group. Comparison between the
control and experimental periods were made from these mean
values obtained from each dog during control and acidosis by
paired t test as each dog served as its own control.
Results
The mean coefficient of variation for arterial glutamine mea-
surements (between 10 and 12 values for each dog; one-half in
the control state, one-half in acidosis) was 1.5%. The coefficient
of variation for arterial ammonia was 3.0%. Known amounts of
glutamine and ammonia added to the samples gave 98 to 102%
and 97 to 102% recoveries, respectively. The coefficient of
variation for hepatic blood flow was less than 8%. There was a
mean 28% rise in arterial glutamine in acidosis (range 14 to 60%,
Table 1). There was a mean 59% rise in blood ammonia (range
23 to 100%) in acidosis. The mean arterial bicarbonate concen-
tration in this series of dogs was 18.6 m. This is comparable to
many reports in the literature in both anesthetized and unanes-
thetized dogs [4, 5, 17, 24, 25]. In a similar study Denis, Preuss,
and Pitts reported a range of arterial bicarbonate in the normal
dog of 15.6 to 21.3 mrvi [24]. No significant hemolysis was
observed in acidosis.
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Table 1. Effects of acute metabolic acidosis on arterial blood pH,
Pco2, and glutamine
Control Acidosis
pH 7.41 0.007 7.202 0.008b
Pco2, mm Hg 28.51 0.77 26.4 1.22
Bicarbonate, mEqil 18.61 0.63 9.88 0.38b
Arterial glutamine, mi 0.547 0.04 0.693 0.068"
Range 0.364 — 0.711 0.482 — 0.935
Arterial ammonia, m 0.92 0.009 0.145 0.014"
Values are the mean SEM of the mean values obtained from each
of the 15 dogs in control and acidosis states; 5 to 6 samples were taken
from each dog in control and in acidotic states.
b P < 0.005, a significant difference from control.
Table 2. The effects of acute metabolic acidosis on glutamine and
ammonia metabolism across muscles
Control Acidosis
Arterial glutamine, m 0.510 0.037 0.595 0.040"
Venous glutamine, m 0.610 0.027 0.738 0.025k'
Blood flow, mI/mm/kg 13.34 1.25 10.11 1.0"
Glutamine production, pm/min/kg 1.32 0.25 1.38 0.22
Arterial ammonia, m 0.119 0.008 0.138 0.020b
Venous ammonia, m 0.099 0.025 0.109 0.020
Muscle ammonia extraction,
pm/mmn/kg 0.27 0.05 0.30 0.045
Values are the mean 5EM of mean values obtained from each of 5
dogs in control and acidosis states; 6 samples were taken from each dog
in control and in acidosis states.
b P < 0.005, a significant difference from control.
In the muscle experiments no alteration in either ammonia
uptake or glutamine release was found (Table 2). There was a
mean 24% fall in muscle blood flow with acidosis. It is shown
from these data that measurement of A-V glutamine differences
without blood flow determinations would have led to the
interpretation that muscle glutamine output increased in acido-
sis (for example, 0.610 to 0.510 or 0.100 in control versus 0.738
to 0.595 or 0.143 in acidosis). For the same reason muscle
ammonia uptake might have appeared to increase in acidosis.
In the kidney experiments (Table 3) renal blood flow did not
change significantly. I performed one experiment to compare
renal blood flow obtained with EMF probes and with para-
aminohippurate (PAH)-determined flow in the same dog using
the protocol described previously [5]. There was a marked
degree of correlation between the two; the EMF-determined
flow was 13.7 0.33 mI/mm/kg (mean SEM of 6 determina-
tions), and PAH-determined flow was 13.3 0.42 mI/mm/kg
(mean SEM of 6 determinations). Several samples were taken
simultaneously from both renal veins, and no differences in
concentrations of either ammonia or glutamine were found. No
alteration in either net renal ammoniagenesis or glutamine
extraction was found despite an upward trend, although statisti-
cally insignificant, in the amount of glutamine delivered to the
kidneys (arterial concentration x RBF) in acidosis.
In the hepatosplanchnic experiments (Tables 4 and 5) liver
flow and the proportions of portal and arterial flow were similar
to those reported by other workers (see Ref. 16 for review).
Portal vein flow decreased significantly in acidosis by a mean of
22%. There was a small but statistically insignificant fall in
Table 3. Effects of acute metabolic acidosis on renal ammoniagenesis
and glutamine extraction from whole blooda
Control Acidosis
Renal blood flow, mI/mm/kg 12.51 1.04 11.26 1.08
Total ammonium, m/min/kg 1.49 0.06 1.51 0.10
Glutamine extraction, p.m/mm/kg 1.22 0.56 1.38 0.22
Values are the mean 5EM of the mean values obtained from each
of 4 dogs in control and acidosis states; 5 samples were taken from each
dog in control and acidosis states.
hepatic blood flow (obtained by the sum of portal vein and
hepatic arterial flows) which was due to a small but also
statistically insignificant rise in hepatic arterial flow.
In these experiments acidosis produced a large increase in
portal vein ammonia concentration and gut ammonia release
increased by 70%. Hepatic vein ammonia was unchanged in
spite of the marked increase in both portal vein and arterial
ammonia concentrations. Net hepatic extraction of ammonia
increased by an amount similar to the increased gut ammonia
release (Table 4).
The liver and hepatosplanchnic bed as a whole removed
glutamine in normal acid-base conditions; this net extraction
was reduced markedly in acidosis (Table 5). Indeed in two dogs
the liver produced very small quantities of glutamine in acido-
sis. This change from net hepatic extraction to hepatic produc-
tion in two of these dogs accounts for the relatively wide SEM in
hepatic glutamine extraction in acidosis given in Table 5. No
significant alteration in glutamine extraction by the gut oc-
curred during acidosis.
The portal vein receives "unmetabolized" blood from the
spleen. It was considered possible that some of the observa-
tions in acidosis may not have truly represented extraction/pro-
duction across the gut but may have been affected by unequal
vasoconstriction of gut and splenic vessels induced by acidosis.
To examine this further, additional identical experiments were
performed after ligation of the splenic artery in three dogs. Gut
glutamine extraction was 0.95 0.21 in control and 1.11 0.18
in acidosis (NS) whereas gut ammonia release increased from
1.98 0.42 to 3.78 0.49 p.m/mm/kg (P <0.025). These data
do not differ from the experiments just described.
Although in each of these experiments each dog served as its
own control and the statistical data was obtained by comparison
of control and acidotic values, it is possible that the duration of
the experiments and the amount of fluid infused (approximately
500 ml hydrochloric acid) may have effected the results. Addi-
tional identical experiments, therefore, were performed across
the liver in three dogs, infusing 500 ml of 0.15 N sodium
chloride at the same rate in place of hydrochloric acid. Blood
glutamine was unaltered, 0.502 0.07 versus 0.494 0.10 mM;
no change in blood ammonia was observed, 0.092 0.01 versus
0.099 0.009 mM; hepatic extraction of glutamine was un-
changed 1.94 0.38 versus 2.05 0.42 p.m/mm/kg (control
value versus values obtained 1 hour after sodium chloride
infusion). Portal vein and hepatic arterial blood flows were not
changed significantly.
Discussion
The earlier finding [5] of a rise in arterial (plasma) glutamine
induced by acute acidosis has been confirmed in whole blood in
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Table 4. The effects of acute acidosis on hepatic and splanchnic
ammonia metabo1ism
Control Acidosis
Arterial ammonia, mi 0.091 0.012 0.126 0,019C
Portal vein ammonia, mM 0.223 0.025 0.413 0.016C
Hepatic vein ammonia, mi 0.060 0.126 0.064 0.063
Hepatic blood flow, mI/mm/kg 26.06 2.36 23.1 2.7
Portal blood flow, mI/mm/kg 18.12 1.8 13.8 1.65"
Hepatic ammonia extraction,
i.m/min/kg 3.19 0.54 5.35 0.632'
Gut ammonia production, pmImin/kg 2.44 0.51 4.11 0.632'
Values are the mean SEM of the mean values obtained from each
of 6 dogs in control and acidosis states; 5 samples were taken from each
dog in control and in acidosis states.
b P < 0.05, a significant difference from control.
P < 0.005, a significant difference from control.
Table 5. The effects of acute metabolic acidosis on glutamine
metabolism across the gut and livera
Control Acidosis
Arterial glutamine, m 0.589 0.085 0.776 0.158'
Portal vein glutamine, mi 0.514 0.092 0.650 0.22'
Hepatic vein glutamine, mw 0.476 0.095 0.690 0.190'
Portal vein flow, mI/mm/kg 18.12 1.8 13.8 1.65"
Hepatic blood flow, mi/mm/kg 26.06 2.36 23.1 2.7
Hepatic extraction, pm/minlkg 1.77 0.29 0.157 0.350'
Total hepato-splanchnic extraction 3.02 0.2 15 1.97 0.39'
Gut extraction, p.m/mm/kg 1.3 0.3 1.83 0.27
Values are the mean SEM of the mean values obtained from each
of 6 dogs in control and acidosis states; 5 samples were taken from each
dog in control and in acidosis states.
P < 0.05, a significant difference from control.
P < 0.005, a significant difference from control.
these experiments. The experiments were designed both to
establish which organ(s) altered their extraction of glutamine to
account for the observed changes in acidosis and to ascertain
whether or not the liver removes glutamine from the circulation
in vivo. My results demonstrate that the liver extracts gluta-
mine in vivo in the dog and that acidosis induces a reduction in
this extraction, accounting for the rise in blood glutamine,
without effecting glutamine extraction/production by the kidney
and muscle. These results are at variance with the observations
of Addae and Lotspeich [4] who demonstrated an inconstant
rise in arterial plasma glutamine in acute metabolic acidosis, an
increased renal glutamine extraction and hepatosplanchnic glu-
tamine production in control increasing in acidosis. I have
never observed a dog in which acute metabolic acidosis in the
present experimental design failed to lead to increased arterial
glutamine concentration in this and in my previous study [5]; a
similar rise has also been reported in acute respiratory acidosis
[5, 7]. In a recent report [6] no alteration in plasma glutamine
was found in dogs with acute metabolic acidosis. However,
these investigators sampled during the 1-hour period in which
we allowed equilibration. The alterations in hepatic glutamine
extraction, although probably occurring immediately after aci-
dosis, would not be expected to lead to a detectable increase in
blood levels initially as the glutamine is distributed throughout
blood and extracellular space. The lack of alteration in renal
glutamine extraction from plasma and in renal ammoniagenesis
have been reported previously in dogs with acute metabolic
acidosis [5, 6, 24]. Addae and Lotspeich [4] used sulfuric acid as
the acidifying agent whereas myself and others [5, 24] used
hydrochloric acid. It is difficult to explain the reported differ-
ences on that basis as sulfate itself has no effect on renal
ammoniagenesis [24]. I have performed experiments identical
to those of Addae and Lotspeich and found no differences
compared to my reported results with hydrochloric acid (Fine,
unpublished observation). It is clear therefore that in the dog, in
contradistinction to the rat studies [3] renal glutamine extrac-
tion is unaltered in acute metabolic acidosis.
My results demonstrate that the liver and hepatosplanchnic
bed normally remove glutamine from the circulation pathway in
the dog. Conflicting data exist in the literature pertaining to the
role of the liver in glutamine metabolism. An early report
suggested glutamine production by the liver in the dog [4].
However, in a recent report glutamine was extracted by the
hepatosplanchnic bed in man [15]. In the rat both extraction [14]
and production [26] have been described. Part of the discrepan-
cies may be due to different species. Also, most of the previous
studies have sampled only arterial and hepatic venous blood
and not portal blood so that whether the liver or gut or both
have extracted glutamine has not been determined because of a
lack of sampling from all three sites with corresponding blood
flows. My results allow for the first time quantification of these
metabolic processes by each of these organs separately. It has
been inferred, at least in the rat [10], that glutamine is preferen-
tially metabolized by the gut rather than by the liver. My results
fail to support this contention as hepatic glutamine extraction
consistently was at least 25% greater than intestinal extraction
under normal acid-base conditions. Indeed, considering that
this quantity represents net hepatic extraction and therefore
includes hepatic glutamine synthesis, the total amount of gluta-
mine metabolized by glutaminase or transamination must be
considerably higher than our values.
The liver contains enzymes for both glutamine degradation
and glutamine synthesis and both may be operative in vivo [11].
Metabolic factors may alter one or both of these pathways.
Although decreased arterio-hepatic vein glutamine differences
have been reported in chronic ammonium chloride metabolic
acidosis in man [15], this model may be inappropriate for a
study of glutamine metabolism as the administration of ammo-
nia will increase flux through glutaminase [27] as well as
increasing muscle glutamine release [19]. In this respect I
previously observed much greater elevations of plasma gluta-
mine following ammonium chloride administration compared to
hydrochloric acid [5]. Evidence exists explaining an effect of
acidosis on hepatic glutamine metabolism. In the perfused rat
liver, reduction of perfusated pH leads to decreased glutamine
utilization mainly because of changes in hepatic glutaminase
[11]. Reduction in bicarbonate concentration leads to reduced
glutamine extraction by hepatocytes [28]. By contrast de-
creased hepatic glutamine content in acutely acidotic dogs has
been described recently suggesting an effect on glutamine
synthesis [6]. The precise mechanism for these effects of
acidosis on hepatic glutamine metabolism therefore remains
unclear.
It is possible that, considering the conditions of our experi-
ments, the observed decrease in net hepatosplanchnic gluta-
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mine extraction in acidosis may not be related to altered hepatic
glutamine metabolism but may be due to the effects of altered
portal vein flow in these conditions. Recalculation of data in
Table 5, assuming no fall in portal vein flow and assuming that
the portal vein concentration remains the same as reported in
the table, gives values of net hepatosplanchnic glutamine extrac-
tion that are no different in acidotic dogs than they are in control
dogs. It is unclear therefore whether the observed decrease in
hepatosplanchnic glutamine extraction in acidosis in our experi-
ments is related to an effect on cellular glutamine metabolism or
blood flow alterations or both. The recent report of a reduction
of hepatosplanchnic glutamine uptake in chronically acidotic
rats without a fall in hepatic blood flow lends support to an
effect of acidosis on the hepatic cellular metabolism of gluta-
mine [29]. Regardless of the precise mechanism involved in our
experiments, the rise in arterial glutamine is clearly related to
diminished hepatosplanchnic glutamine extractions in acidosis.
I observed an increased rate of ammonia production across
the gut in acidosis in all dogs. The mechanism for this increased
ammoniagenesis is unclear. Although glutamine is a major
energy substrate for gut metabolism [10], accounting for much
of the portal vein ammonia, its extraction did not change in
acidosis to account for the increased ammonia found so that
either the alteration of blood pH compared to a bowel content
pH leads to increased diffusion trapping of ammonium in blood
or possibly the contribution of other amino acids to portal vein
ammonia is increased in acidosis. This latter possibility seems
unlikely as most amino acids are added to portal vein blood
across the gut [261. In spite of markedly increased ammonia
delivery to the liver, hepatic vein ammonia remained un-
changed so that the healthy liver was able to extract an
increased ammonia load. Indeed, the increased quantity ex-
tracted almost paralleled the increased delivery.
My results describe that muscle production of glutamine is
unaltered in acidosis. This finding contrasts with previous
observations in the rat [30, 31] but is in agreement with other
studies in the dog in which there was no change in A-V
concentrations in acidosis [4] or in glutamine release when acid
was infused into a femoral artery [19]. Muscle ammonia uptake
was less than 15% of the glutamine produced so that muscle
glutamine production appears not to derive significantly from
blood ammonia.
My results also demonstrate that under the conditions of
these experiments net hepatic extraction of glutamine is altered
in acute acidosis, thus allowing glutamine produced by muscle
to increase blood glutamine concentrations. The latter may
therefore be the source of additional glutamine for increased
extraction by the kidney in chronic acidosis.
Acknowledgments
This work was supported by the Medical Research Council of
Canada. Appreciation goes to R. Bowen and A. Rowe for their
invaluable surgical assistance and W. Redmond, H. Torravile, K.
LeGrow, and B. Dawe for their technical assistance. This work was
presented in part to the Canadian Society of Clinical Investigation,
Ottawa, 1980, and the American Society of Nephrology, Washington,
D.C., 1980.
Reprint requests to Dr. A. Fine, Faculty of Medicine, Memorial
University of Newfoundland, St. John's, Newfoundland, AIB 3V6,
Canada
References
1. PITTS RF: The renal excretion of acid. Fed Proc 7:418—426, 1948
2. PITTs RF, PILKINGTON LA, DE HAss JCM: N'5 tracer studies on
the origin or urinary ammonia in the acidotic dog. J C/in In vest
44:731, 1965
3. Ross BD, TANNEN RL: Effects of decrease in bicarbonate concen-
tration on metabolism of the isolated perfused rat kidney. C/in Sci
Mo! Med 57:103—111, 1979
4. ADDAE SK, L0T5PEIcH WD: Relation between glutamine utiliza-
tion and production in metabolic acidosis. Am J Physio/ 215:269—
277, 1968
5. FINE A, BENNETT Fl, ALLEYNE GAO: Effects of acute acid-base
alterations on glutamine metabolism and renal ammoniagenesis in
the dog. Clin Sci Mo! Med 54:503—508, 1978
6. VINAY P, ALLIGNET E, PICHETTE C, WATFORD M, LEMIEUX G,
Goucjoux A: Changes in renal metabolic profile and ammoniagene-
sis during acute and chronic metabolic acidosis in dog and rat.
Kidney mt 17:312—325, 1980
7. PILKINGTON AL, YOUNG TK, PITrs RF: Properties of renal
luminal and antiluminal transport of plasma glutamine. Nephron
7:51—60, 1970
8. HUGHEY RP, RANKIN BB, CURTHOY5NP: Acute acidosis and renal
arteriovenous differences of glutamine in normal and adrenalecto-
mized rats. Am J Physio/ 238:F199—F204, 1980
9. RUDERMAN NB, BERGER M: The formation of glutamine and
alanine in skeletal muscle. J Biol Chem 249:5500—5506, 1974
10. WINDMUELLER HG, SPAETH HG: Respiratory fuels and nitrogen
metabolism in vivo in small intestine of fed rats. J Biol Chem
253:69—76, 1980
11. LUECK JD, MILLER LL: The effect of perfusate pH on glutamine
metabolism in the isolated perfused rat liver. JBio/Chem 245:5491—
5497, 1970
12. SNELL K: Muscle alanine synthesis and hepatic gluconeogenesis.
Biochem Soc Trans 8:205—213, 1980
13. ELWYN DN: Distribution of amino acids between plasma and red
blood cells in the dog. Fed Proc 25:854—861, 1966
14. LUND P: Control of glutamine synthesis in rat liver. Biochem J
124:653—660, 1971
15, TIZIANELLO A, DEFERRARI G, GARIBOTTO G, GUNERI G: Effects
of chronic renal insufficiency and metabolic acidosis on glutamine
metabolism in man. C/in Sci Mol Med 55:391—397, 1978
16. GREENWAY CV, STARK RD: Hepatic vascular bed. Physiol Rev
51:23—65, 1971
17. MADIA NF, SCHWARTZ WB, COHEN JJ: The maladaptive renal
response to secondary hypocapnia during chronic HCI acidosis in
the dog. J C/in Invest 60:1393—1401, 1977
18. MATHIE RT, HUGHES RL, HARPER AM, BLUMGART LH: A com-
parative study of liver blood flow using '33Xenon clearance and
electromagnetic flowmeter measurements. Acta Chir Scand 144:
481—485, 1978
19. HILLS AG, REID EL, KERR WD: Circulatory transport of L-
glutamine in fasted mammals: Cellular source of urine ammonia.
Am J Physiol 223:1470—1476, 1967
20. KAPLAN A: Urea nitrogen and urinary ammonia. Clin Chem 5:245—
247, 1965
21. MCCULLOUGH H: The determination of ammonia in whole blood by
direct colorimetric methods. C/in Chim Acta 17:297—304, 1967
22. LUND P: L-glutamine, in Methods in Enzymatic Analysis (2nd
English translation from 3rd German ed), edited by BERGMEYER
HU, Weinheim, Verlag Chimie; New York, Academic Press, 1974,
pp. 1719—1920
23. BERGMEYER HU, GRASSEL M, MICHAL G: Evaluation of experi-
mental results, in Methods of Enzymatic Analysis (2nd English
translation from 3rd German ed), edited by BERGMEYER HU,
Verlag Chimie: New York, Academic Press, 1974, pp. 314—315
24. DENIS G, PREUSS H, PirTs RF: The p NH3 of renal tubular cells. J
Clin Invest 43:571—582, 1964
25. VEREBRANTS F, CHAZAN JA, GARELLA 5: Ammonia excretion in
response to acid loads: Effect of metabolic alkalosis and cation
depletion. J Lab C/in Med 89:1251—1261, 1977
26. AIKAwA T, MAT5UTAKA H, YAMAMOTO H, ODUDA T, ISHIKAWA
E, KAWANO T, MATSUMURA E: Gluconeogenesis and amino acid
metabolism. J Biochem 74:1003—1017, 1973
444 Fine
27. JOSEPH S, MCGIVAN JD: The effects of ammonium chloride and
bicarbonate on the activity of glutaminase in isolated liver mito-
chondria. Biochem J 176:837—844, 1978
28. BAVEREL G, LUND P: A role for bicarbonate in the regulation of
mammalian glutamine metabolism. Biochem J 185:599—606, 1979
29. SCHROCK H, GOLDSTEIN L: Inter-organ relationships for glutamine
metabolism in normal and acidotic rats. Am J Physiol 240: ES 19—
525, 1981
30. OLIVER J, KOELZ AM, COSTELLO J, BOURKE E: Acid-base induced
alterations in glutamine metabolism and ureagenesis in perfused
muscle and liver of the rat. Eur J Gun Invest 7:445—449, 1977
31. SCHROCK H, CHA CM, GOLDSTEIN L: Glutamine release from
hindlimb and uptake by kidney in the acutely acidotic rat. Biochem
J 188:557—560, 1980
